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Peter Jarvis and Rachel M. ChalmersABSTRACTMost commercial swimming pools use pressurised ﬁlters, typically containing sand media, to remove
suspended solids as part of the water treatment process designed to keep water attractive, clean
and safe. The accidental release of faecal material by bathers presents a poorly quantiﬁed risk to the
safety of swimmers using the pool. The water treatment process usually includes a combination of
maintaining a residual concentration of an appropriate biocide in the pool together with ﬁltration to
physically remove particles, including microbial pathogens, from the water. However, there is
uncertainty about the effectiveness of treatment processes in removing all pathogens, and there has
been growing concern about the number of reported outbreaks of the gastrointestinal disease
cryptosporidiosis, caused by the chlorine-resistant protozoan parasite Cryptosporidium. A number of
interacting issues inﬂuence the effectiveness of ﬁltration for the removal of Cryptosporidium oocysts
from swimming pools. This review explains the mechanisms by which ﬁlters remove particles of
different sizes (including oocyst-sized particles, typically 4–6 μm), factors that affect the efﬁciency of
particle removal (such as ﬁltration velocity), current recommended management practices, and
identiﬁes further work to support the development of a risk-based management approach for the
management of waterborne disease outbreaks from swimming pools.This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTIONThe source water which is used in swimming pools is usually
of drinking water quality as it ﬁrst enters the pool; thereafter
it is sullied by bathers, either overtly as accidental releases of
urine and faecal material, or more subtly due to ineffective
showering practices, which can adversely affect the overall
pool water quality (Ryan et al. ). This presents a risk to
the health and safety of swimmers using the pool, which
is mitigated through the implementation of pool watertreatment processes that aim to return and continually main-
tain the water to a quality standard that is acceptable for
bathing use. There has been growing concern about the
increasing numbers of reported outbreaks of the gastrointes-
tinal disease cryptosporidiosis, caused by the protozoan
parasite Cryptosporidium. In 1988, the ﬁrst reported out-
breaks of cryptosporidiosis linked to a swimming pool
occurred in the USA (Sorvillo et al. ) and in the UK
(Joce et al. ). Between 1992 and 2011, there were 85 out-
breaks of cryptosporidiosis linked to swimming pools in
England and Wales (Chalmers ). However, this is
likely to be an underestimate because the cryptosporidiosis
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).
The recirculating water treatment process in swimming
pools typically includes a combination of ﬁltration to phys-
ically remove particles from the water and disinfection by
maintaining a residual concentration of an appropriate bio-
cide, e.g. chlorine, in the pool water to kill or inhibit the
growth of microorganisms. The pressurised ﬁlters remove
suspended solids to maintain water clarity acceptable to
both lifeguards and bathers, as well as microbiological
safety of pool water. Pool ﬁlters normally contain sand,
with typical particle size in the 600–800 μm diameter
range, though alternatives are used, e.g. crushed recycled
glass (Rutledge & Gagnon ). Some pools will have
non-residual secondary disinfection in place such as
ultraviolet (UV) light treatment or ozone dosing.
Most swimming pool treatment processes are not
speciﬁcally designed and optimised for the removal of
Cryptosporidium-sized particles; the main objective for
ﬁltration of pool water has traditionally been to clarify
the water and to ensure that lifeguards can see across the
whole of the bottom of the pool. Furthermore, due to the
extended persistence and infectivity of the Cryptosporidium
oocysts, it is thought that swimming pools could be a sink of
Cryptosporidium and act as a vector for disease outbreaks.
Cryptosporidium is a single-celled protozoan parasite
that infects the gut and can cause gastroenteritis, character-
ised by watery diarrhoea, abdominal pain, nausea and
vomiting, and low-grade fever. It is transmitted between
hosts (humans or animals) by the oocyst stage shed in
faeces. The oocysts of human-infective species are typically
4–6 μm in diameter and are largely resistant to disinfection
by conventional pool water biocides such as free chlorine
(Chalmers & Davies ); the Ct value (concentration of
disinfectant multiplied by exposure time) for a 3 log10
reduction in oocyst viability reported for free chlorine at
pH 7.5 and at 25 C is up to 15,300 mg/L min (Shields
et al. ). This corresponds to a disinfection time of 10.6
days in pool water containing 1 mg L1 free chlorine
(Chalmers et al. ) and conﬁrms that normal free chlor-
ine dosage provides no practical residual disinfection for
Cryptosporidium oocysts in a swimming pool.
A single accidental faecal release (AFR) in a 450 m3
municipal pool, if well-mixed, could result in an averageom https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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9concentration of around 20,000 oocysts L1 (20 mL1)
(Gregory ). Dufour et al. () estimated that the aver-
age amount of water swallowed during a 45 min pool
session was 37 mL for non-adults and 16 mL for adults. If
a pool user swallowed only 10 mL water containing
20 oocysts mL1, this would lead to ingestion of 200 oocysts.
This is well above the reported infective dose (<100 oocysts)
(Ryan et al. ), and dose–response modelling has shown a
chance of infection from ingestion of just a single oocyst
(Messner et al. ). This could, therefore, pose a major
risk to the public health of swimmers using a pool.
In most swimming pools, the principal protection
against Cryptosporidium is removal through ﬁltration (WHO
). However, conventional pool ﬁlters are not designed
and commissioned for the purpose of Cryptosporidium
removal (Amburgey et al. ). In some pools, there are
other non-residual disinfectant processes that can inactivate
Cryptosporidium. These include UV light or ozone (both of
which are applied within the plant room). However, most
pools rely on ﬁltration alone for the removal of oocysts
and on good practices to prevent contamination in the
ﬁrst place, such as insisting on pre-swim showering and
dissuading customers with gastroenteritis from using the
pool (Ryan et al. ; Chalmers & Johnston ).
Data from the drinking water treatment industry
indicate that, in combination with effective coagulation/
ﬂocculation and sedimentation, sand ﬁlters can achieve a
1.5–3 log10 removal of oocysts (LeChevallier et al. ;
Gregory ; Betancourt & Rose ). This equates to
97.2% and 99.9% removal of oocysts from water in a single
pass through the ﬁlter (hereafter referred to as the ﬁlter
efﬁciency, E). However, less is known about the removal
of oocysts from swimming pool water, though it is suggested
that swimming pool ﬁltration systems may be less effective
than drinking water treatment due to the frequent absence
of effective coagulation/ﬂocculation and sedimentation
and often sub-optimal backwashing procedures. Further-
more, the maximum recommended water velocity through
the ﬁlter in public pools with medium-rate ﬁlters is
25 m h1 (PWTAG b), though this may be exceeded in
practice. These are substantially greater than velocities of
no more than 10 m h1 used in drinking water treatment
(Gregory ). Studies on removal of oocysts by pool ﬁlters
have been restricted mainly to the use of surrogates,
Table 1 | Factors that could inﬂuence the removal of Cryptosporidium oocysts by
swimming pool ﬁlters and their operational monitoring
Processes within the ﬁlter bed
Straining
Sedimentation
Interception (impaction, Brownian motion)
Surface retention/attachment (van der Waals forces)
Detachment
Ripening
Design/operation
Filter media choice
Filter media condition
Filter bed depth
Coagulation/ﬂocculation
Flow rate/ﬁltration velocity
Backwashing procedure
Monitoring
Visual inspection
Pressure differential
Turbidity measurement
Particle counting
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et al. ; Lu & Amburgey ) and in one case measure-
ment of oocyst-sized particles in an operational pool (e.g.
Stauder & Rodelsperger ).
The removal of oocysts from water through ﬁlter reten-
tion is a complex process in packed-bed sand ﬁlters. This
includes factors that affect the delivery of oocysts from the
pool to the ﬁlter (e.g. the location and number of ﬁlter
inlets and outlets, and how this inﬂuences the mixing
characteristics of the pool) through to processes within the
ﬁlter itself. The aim of this paper is to focus on the latter
and to provide a review of the current knowledge of the
removal of Cryptosporidium oocysts by ﬁlters in commercial
swimming pools and to identify the major risks and the gaps
in our current understanding. The review considers the
mechanisms by which ﬁlters remove particles of different
sizes (including oocyst-sized particles), factors that affect
the efﬁciency of particle removal (such as ﬁltration velocity
and use of coagulant), current recommended management
practices, and suggestions for further work to support the
development of a risk-based management approach. The
main factors to be considered are listed in Table 1.HOW DO SAND FILTERS REMOVE PARTICULATE
MATERIAL?
A swimming pool sand ﬁlter bed consists of packed solid
particles, which, in the case of 16/30 sand (sand which
passes through a No. 16 sieve but is retained by a No. 30
sieve), range in size from 0.6 mm to 1.2 mm (600–
1,200 μm), with the majority normally being in the range
600–800 μm. The spaces between the packed sand particles
(the porosity) make up 35–50% of the total volume occupied
by the particles depending on how rounded or irregular the
shape of the grains. If the particles are assumed to be spheri-
cal, then the effective diameter of the spaces between the
particles is equivalent to one-seventh of the diameter of
the sand grain (Huisman & Wood ). For 16/30 sand,
the smallest pore size will, therefore, be about 0.1 mm
(100 μm), so particles smaller than this (about the smallest
size that can be resolved by the naked eye) will not be
removed by a simple straining mechanism, but will move
into the body of the media bed rather than being retaineds://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
RSITY userat the surface. Cryptosporidium oocysts (4–6 μm in size)
will, therefore, not be retained simply by the sand particles
acting as a screen. However, as larger particles become
trapped within the pores, the space sizes are reduced further,
or where localised restrictions occur due to irregular-shaped
sand particles coming into close contact, increased straining
could occur which may trap some oocysts. Straining is not,
therefore, likely to be the major mechanism for removal of
Cryptosporidium oocysts from pool water, unless the oocysts
are present within a much larger ﬂoc which could occur
where there is effective coagulation/ﬂocculation or if the
oocysts are attached to faecal material.
As water travels through the pores between the sand
particles, it will pass by the extensive surfaces of the sand
grains. For example, 1 m3 volume of 0.6 mm diameter
spheres will have an estimated total surface area of
6,252 m2 (Huisman & Wood ). Particles which are too
small to be screened could be retained by the ﬁlter media
as a result of weak intermolecular binding forces that
come into play if the particles can get very close (i.e.
within nanometres) to the surface of the sand grains. This
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for the removal of Cryptosporidium oocysts.
One approach to quantifying the effectiveness of particle
removal by ﬁlters is to compare the measurements of the
particle contents of the inﬂuent and efﬂuent. The simplest
index of the effectiveness of ﬁltration is the ﬁlter efﬁciency
(E), deﬁned as the fraction (often expressed as a percentage)
of particles removed from water as it passes through the
ﬁlter:
E ¼ C0  CL
C0
(1)
where C0 and CL are the inﬂuent and efﬂuent solid concen-
trations (or the particle counts, or turbidity, depending on
the measurements made).
However, E is not just a measure of the effectiveness of
the media in removing particles, as this depends also on the
depth of the media bed. The impact of the depth of the bed
can be accounted for by considering a sand ﬁlter as a deep
packed bed comprising layers of single collectors (sand
grains), where each layer removes a ﬁxed proportion of
the particles suspended in the water approaching the layer.
This gives rise to an exponential decrease in the particle
content of the water as it moves down through the ﬁlter:
CL ¼ C0 exp (λL) (2)
where L is the ﬁlter depth in m and λ is the ﬁlter coefﬁcient
in units of m1. 1/λ is known as the characteristic length of
the ﬁlter (in m) which is sometimes used as a measure of the
intrinsic effectiveness of the media in removing particles
(Lawler & Nason ). Equation (2) can be used to
derive an empirical value for the ﬁlter coefﬁcient based on
the measurement of the particle content of the inﬂuent
and efﬂuent. For example, if a media bed 0.8 m deep
removes 70% of particles, then the value of λ will be 1.50.
This value will vary during the backwash cycle, dependent
on the degree to which the ﬁlter media are loaded with
ﬁner material removed from the water (Amburgey ),
and may also change if the ﬁlter media degrade in some
way, e.g. if balling or channelling occurs (PWTAG b).
However, it is an oversimpliﬁcation of a real ﬁlter because
the particle removal capability of the layers will not be theom https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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9same throughout the ﬁlter once the upper parts of the
ﬁlter become loaded.
There is a wide range of factors that affect the ﬁlter coef-
ﬁcient (Tufenkji et al. ) and it is, therefore, unrealistic to
expect to model the complexity of a real swimming pool
ﬁlter from ﬁrst principles. However, attempts to produce a
mechanistic model of particle removal provide a valuable
insight into some of the key processes (Ncube et al. a).
A starting point is to model the removal of particles from
water as it approaches and passes a single spherical collec-
tor (Yao et al. ). Only a small proportion of the
particles approaching a collector will get close enough to
the collector surface for attachment to be possible (this
dimensionless fraction being termed the transport coefﬁ-
cient, η), and only a proportion of those particles that
make contact with the collector surface will attach (this pro-
portion being the attachment coefﬁcient, α). The overall
proportion of particles approaching the collector that actu-
ally attach is, therefore, the product of these two terms (ηα).
The model of Tufenkji & Elimelech () scales up the
single collector model of particle removal to predict particle
removal by a ﬁlter bed. This model relates the ﬁlter coefﬁ-
cient to the media geometry (the collector diameter, dm
and the ﬁlter bed porosity, ϵ) and also to the single collector
transport and attachment coefﬁcients discussed by Yao et al.
():
λ ¼ 3 (1 ε)
2 dm
ηα (3)
Particles attach to the collector surface by van der Waals
forces, which is a universal but short-range phenomenon
which holds particles at the surface once contact has been
made. This is an important mechanism for removal of
microscopic particles from pool water (Huisman & Wood
; Tufenkji & Elimelech ). In this context, van der
Waals forces are the result of the sum of all the individual
intermolecular forces between the two interacting surfaces.
These forces will only be effective over very short distances
(nanometres); hence particles, to all intents and purposes,
have to be in contact with the surface of the media before
adsorption can occur.
The starting point to modelling the transport coefﬁcient
is to recognise that contact between sand grain surfaces and
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lines typically divert around the edges of the collectors (sand
grains). If suspended particles are to make close contact
with the collector surface, then they need to divert (break
out) from the water ﬂowlines. There are three principal
mechanisms that can achieve this (Huisman & Wood ):
1. Sedimentation by gravity can cause suspended particles
to approach the up-facing surfaces of collectors. The
settling velocity depends strongly on particle size and
density, and the value for Cryptosporidium oocysts at
23 C has been estimated to be 0.35 μm s1 for isolated
oocysts (Medema et al. ), but is affected when oocysts
attach to other particles such as organic matter (Medema
et al. ). To put this velocity into the context, a typical
average downward velocity of water within the void
space of a swimming pool ﬁlter is 60 m h1 (17 mm s1),
providing an average time of about 0.03 s for water to
pass a single sand grain. In this time, an oocyst would
settle just 0.01 μm, making sedimentation a most ineffec-
tive transport mechanism for individual Cryptosporidium
oocysts.
2. Particles can impact on the surface of the interceptor if
they have sufﬁcient momentum to break out of the divert-
ing water ﬂow line (impaction). Particles as small as
Cryptosporidium oocysts will have very little momentumFigure 1 | Predicted removal efﬁciency (E) of different size particles in packed-bed sand ﬁlters
by Lawler & Nason (2006).
s://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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ineffective.
3. Random Brownian motion (resulting mainly from col-
lisions between suspended particles), sometimes referred
to as diffusion, can bring suspended particles into close
contact with interceptor surfaces. With particles smaller
than 1 μm (particles responsible for causing turbidity in
water), diffusion will be the dominant process by which
suspended particles make close contact with sand grains
(Yao et al. ; Tufenkji & Elimelech ).
The overall value for the transport coefﬁcient is the sum
of the coefﬁcients due to sedimentation, impaction and dif-
fusion, each of which depends on a number of factors
which include particle size and water velocity. Tufenkji &
Elimelech () describe one such attempt to model these
three processes, and that has been incorporated into a
proposed technique for designing ﬁlter systems (Lawler &
Nason ).
The impact of particle size and ﬁltration velocity on the
ﬁlter efﬁciency was predicted using the Tufenkji & Elime-
lech () set of equations presented within Lawler &
Nason () (Figure 1). The values used for the parameters
were similar to Figure 2 in Lawler & Nason (), but also
show the cases of ﬁltration velocities of 10, 20 and 40 m h1
in addition to the 5 m h1 case presented originally. Thiswith different ﬁltration velocities using the Tufenkji & Elimelech (2004) equations presented
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porosity and with 600 μm diameter spherical collectors
(typical of a swimming pool ﬁlter).
Figure 1 shows the characteristic relationship between
ﬁlter efﬁciency (E) and particle diameter, with a local mini-
mum that modelling studies predict to be in the 1–5 μm
range (Lawler & Nason ). It is important to note that
with respect to Cryptosporidium oocyst removal by ﬁl-
tration, it is the particles within the 4–6 μm size range that
have the least chance of making sufﬁciently close contact
with sand surfaces to enable their adsorption. Particles of
this size tend to be too small for sedimentation/impaction
to be effective and too large for diffusion to be effective.
Together, these factors render the removal of Cryptospori-
dium oocysts from pool water by ﬁltration alone a challenge.
Though the mechanistic modelling studies above give
an insight into the issues affecting the effectiveness of
swimming pool ﬁlters, there will be need for at least a
semi-empirical approach to assessing quantitatively the
effectiveness of swimming pool ﬁltration. Such assessments
would be based on measurements of particle removals,
which might be achieved by monitoring the changes in
either turbidity or else be monitoring the changes in the
number of particles present within the particle size band
of interest as water passes through a ﬁlter.WHAT DO TURBIDITY MEASUREMENTS AND
PARTICLE COUNTING TELL US?
Turbidity is caused by particles in suspension, primarily
<1 μm diameter (smaller than Cryptosporidium oocysts)
subject to Brownian motion, resulting in lack of water clarity.
Measurement is based on the scattering of light by the
particles and expressed as nephelometric turbidity units
(NTU), although other units are used. Turbidity impacts on
water clarity, and hence safety of bathers, and can only be
detected by the naked eye at approximately 4 NTU and
above in the depth of water typical of pools in which life-
guards are viewing bathers (WHO ). Turbidity can also
be associated with reduced disinfection potential either by
the presence of particles protecting microorganisms from
the action of disinfectants or by consuming disinfectant
when organic particulates are oxidised (WHO ).om https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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(<1 μm diameter) by ﬁltration can be assessed by measuring
the turbidity of water. For larger-sized particles, light
obscuration particle counting can be used (Hargesheimer
et al. ). Although both methods have been used to
assess drinking water treatment processes (Gregory ;
Emelko et al. ), it is important to recognise that they
are measuring very different aspects of water quality. In
their review of the literature, Emelko et al. () concluded
that turbidity is not a good surrogate for predicting Cryptos-
poridium removal by ﬁlters. For example, LeChevallier et al.
() reported that turbidity reduction only accounted for
17% of the variation in Cryptosporidium removal (expressed
as log removals) in 66 surface water treatment plants in
North America. However, turbidity monitoring is widely
used to measure water treatment performance, and turbidity
data sets have been used to develop an index of the
robustness of granular ﬁltration, speciﬁcally in relation to
managing the risk from Cryptosporidium (Huck & Coffey
). The attraction of turbidity measurements over
particle counting is that it is much simpler and cheaper to
implement and more amenable to online measurements
(Upton et al. ). Hartshorn et al. () used 15 min
turbidity data from ﬁve surface water drinking treatment
works in the UK to quantify turbidity robustness and risk scor-
ing in relation to ﬁltration performance. Stauder &
Rodelsperger () carried out a study of swimming pool ﬁl-
tration performance in situ in which both turbidity and
particle counting measurements were used to monitor the
inlet water and ﬁltrate during four weeks of a busy outdoor
paddling pool (up to 12,000 visitors per day). Water in this
pool was treated using a sand/anthracite dual media ﬁlter (ﬁl-
tration velocity 35 m h1), with an aluminium-based coagulant
dosed pre-ﬁlter. The particles in the 1–100 μm detection range
were dominated by the smaller-sized 1–10 μmparticles (89% of
total particle counts). Removal efﬁciencies (number of par-
ticles removed by the ﬁlter relative to the number of particles
entering the ﬁlter) for the 1–10 μm size class were >98%.
The maximum allowable turbidity for drinking water is
4 NTU (DWI ), although municipal supplies should
normally achieve <0.5 NTU prior to disinfection (WHO
); for pool water, the turbidity should be <0.5 NTU
(PWTAG b), which is almost an order of magnitude
lower than the limit of detection by the naked eye in
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ments of water clarity are useful for assessing gross failures
of the ﬁltration system, they cannot be relied upon for
detecting changes in turbidity that could be critical for
microbiological risk to pool users. The advantages of
particle counting compared to the measurement of bulk
turbidity in relation to the risk from Cryptosporidium
oocyst in pools require further investigation.
One important difference between swimming pool ﬁl-
tration and industrial/potable water treatment is that the
pool water is constantly recycled through the ﬁltration
system. Pool water is also normally cleaner than that treated
for drinking water and is subject to large ﬂuctuation in
particle content and turbidity during diurnal cycles due to
variations in bathing load. During prolonged periods
where there are no bathers (and so very little particle
input to the pool), such as at night or during a closure
period to clean up after an AFR, most of the water will
pass through the ﬁlter several times with little further
particle input. One study reported turbidity of <0.1 NTU
during nighttime monitoring of a very busy outdoor pad-
dling pool (Stauder & Rodelsperger ). However, there
is a dearth of data on how ﬁlter removal efﬁciencies change
with variation in bathing load during opening hours and over-
night and during prolonged closure periods. It is thought that
the recovery which is believed to occur overnight is important
in the cleanup of pool water following faecal contamination
events, but this requires further investigation. For example,
the particle content of ﬁltrate will be contributed to by par-
ticles that are detaching from a ﬁlter as well by particles
that are simply passing through the ﬁlter without attaching.
As the detachment process will continue throughout the day
and night, this might result in reduced apparent ﬁlter efﬁcien-
cies at night when the water being delivered to the ﬁlter is very
clean. Further detailed work is needed to understand the
relationship between the particle content of water and particle
removal by packed-bed sand ﬁlters.WHAT IS THE EFFECT OF FLOW RATE ON
FILTRATION?
The ﬂow rate will have no impact on the screening proper-
ties of sand ﬁlters which are responsible for the removal ofs://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
RSITY userparticles >100 μm in size. However, the ﬂow rate will
affect the efﬁciency of removal of particles <100 μm in
size (and invisible to the naked eye) where the mechanism
of removal depends on sedimentation, impaction and
Brownian motion (Huisman & Wood ). In general,
the faster the rate of ﬂow of water through the ﬁlter the
lower the ﬁltration efﬁciency. Gregory () concluded
that pool ﬁlters if operated with good coagulation and at
low ﬂow rates (around 10 m h1) could be expected to
give 3 log10 reduction (99.9% removal) of oocyst-sized
particles. Medium-rate sand ﬁlters used for treating
pool water normally operate at faster ﬂow rates, typically
25–30 m h1. Gregory () proposed that log removal
would be halved with each doubling of ﬂow rate. If true,
then increasing the ﬁltration velocity from 10–14 m h1 to
25–29 m h1 would be predicted to decrease the log removal
from 3 log10 removal to 1.5 log10 removal (i.e. from 99.9% to
97% removal). However, this hypothesis, which was based
on observations of turbidity removal, has not been investi-
gated for the removal of oocyst-sized particles by pool
ﬁltration systems under standard operating conditions. Ide-
ally, the aforementioned hypothesis should be tested using
a combination of modelling and measurement on full-scale
operational pools. The modelled impact of ﬂow rate on ﬁl-
tration efﬁciency (Figure 1) showed that it is the removal of
particles within the 0.1–5 μm size range which was strongly
reduced by increasing ﬁltration velocity. Hence, ﬁltration vel-
ocity is likely to be a major determinant of ﬁltration efﬁciency
in swimming pool ﬁlters with respect to particles sizes rel-
evant to both turbidity and Cryptosporidium oocysts removal.
A pilot-scale study reported byLu&Amburgey () tested
the removal of Cryptosporidium-size microspheres by sand ﬁl-
tration with a polyaluminium chloride (PAC) coagulant.
Microsphere removal was 90% at 30 m h1, but only 50% at
the faster ﬂow rate of 37 m h1. This suggests that the sensitivity
of Cryptosporidium oocyst removal to ﬁltration velocity can be
much greater than would be predicted by Gregory ().WHAT IS THE EFFECT OF FILTER RIPENING AND
BACKWASHING?
Cleaning of a ﬁlter is achieved by backwashing; this involves
reversing the ﬂow through the media bed, ﬂuidising the ﬁlter
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). This is normally triggered by one or more of the
following: the maximum allowable turbidity value has
been exceeded (particularly if the ﬁltrate is being monitored
and elevated turbidity is indicative of ﬁlter breakthrough
occurring), or a speciﬁed period of time has elapsed since
the previous backwash, or a speciﬁed differential is observed
between the water pressures at the inlet and outlet of the
ﬁlter (WHO ). The retention of particles following inter-
ception and adsorption to the surface of a sand grain is a
reversible process, and the nature and performance of the
ﬁlter bed in terms of both the attachment and detachment
of particles changes during the backwash cycle, resulting
in changes of ﬁlter efﬁciency (Amburgey ). The duration
of the backwash and the ﬂow rate during backwashing are
critical in determining the effectiveness of the backwash
process. The backwashing procedure may include a period
of scouring with air to assist in ﬂuidising the ﬁlter bed
(PWTAG b).
Immediately following backwashing of a ﬁlter, a ripen-
ing sequence is observed during which the quality of the
ﬁlter efﬂuent initially deteriorates, then recovers (Amburgey
). In general, there will be an initial ﬂush of particles in
the ﬁltrate immediately following a backwash, which can be
diverted to waste in a rinse procedure (PWTAG b),
though many existing pool ﬁltration systems do not have
the pipework required for rinsing. This is followed by a
more gradual improvement in particle removal as the ﬁlter
ripens. Once the ﬁlter is ripened, there will be a period of
near-optimum ﬁltration. As the ﬁlter becomes loaded with
trapped particles, there will be a further phase of decreased
removal and a point is reached where a surge of particles
breaks through the ﬁlter (Amirtharajah ). The duration
and extent of each of these stages depend on many factors
such as the ﬁlter media, ﬁlter loading rate, backwash ﬂow
rate and duration (Amburgey ).
There has been extensive research into the factors
affecting ﬁlter ripening and in developing backwashing tech-
niques that promote ripening and optimise the amounts of
water used in the backwashing and rinsing procedure (e.g.
Amburgey ). However, this work has been directed pri-
marily at the drinking water industry where the source water
being ﬁltered is normally dirtier than in swimming pools,
and backwashing is carried out more frequently than is theom https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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9case for swimming pools. In industrial applications of sand
ﬁlters, the backwash is normally optimised due to high oper-
ational costs of backwashing. This is not generally the case
in swimming pool operations where the backwash process
is often sub-optimal in terms of factors such as the timing,
water velocities used, and whether or not the procedures
include air-scouring or rinsing.
Stauder & Rodelsperger () measured peaks in both
turbidity and particle counts in the water emerging from
the ﬁlter (ﬁltrate) in the hour following backwashing. The
breakthrough of particles following backwashing could
allow Cryptosporidium oocysts to return to the pool and
pose a risk to swimmers (Ryan et al. ). More information
is needed on the impact of ﬁlter ripening and backwash pro-
cedures on the performance of granular ﬁlters in removing
(and retaining) oocyst-sized particles from pool water. For
example, because pool water is generally very clean, it is
likely that the ripening process will be much slower than
in drinking water treatment due to the slow rate of loading
of the ﬁlter with particles. Hence, there is likely to be a
longer period following backwashing before the ﬁlter
achieves optimal ﬁlter performance, but there is very little
evidence to show how long this period should be, and the
extent to which ﬁlter performance is reduced following
backwashing. There is also a paucity of examples demon-
strating how changes in ﬁltration performance during the
backwash cycle vary from pool to pool depending on
factors such as the bathing load, the area of ﬁlter, and
the effectiveness of the scouring/backwashing/rinsing pro-
cedures. A further consideration is that if backwashing
causes a substantial reduction in ﬁlter efﬁciency for an
extended period, what is the optimum scheduling of back-
washing when there are multiple ﬁlters on a pool in order
to achieve the most effective ﬁltration at all times?WHAT IS THE EFFECT OF COAGULANTS AND FILTER
AIDS?
Water treatment also depends on processes which convert
ﬁne particulate material into a form which allows physical
separation (destabilisation). This could involve a change
in the surface properties, increasing the absorptivity of
particles to a ﬁlter medium (a ﬁlter aid), or causing
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lant). The treatment of water with coagulants destabilises
particles by compressing the surface electrical double layer
(Bratby ).
PAC is widely used in commercial swimming pools to
enable coagulation of particles prior to ﬁltration (WHO
). However, in swimming pool water treatment, if
added, PAC is generally dosed without agitation (relying
on turbulence to ensure uniform dispersion) and with
often only a few seconds residence time between the point
of injection and the water arriving at the ﬁlter bed. This is
in contrast to drinking water treatment where, in general,
greater emphasis is placed on providing for effective coagu-
lation pre-ﬁlter. This involves a combination of agitation to
disperse coagulants uniformly within the water at the appro-
priate concentration, followed by a prolonged period for
coagulation to occur before the water reaches the ﬁlter
media (Bratby ). In a pilot-scale pool study reported by
Lu & Amburgey (), the removal of Cryptosporidium-
size microspheres by sand ﬁltration was tested with different
coagulants. In the absence of coagulant, the microsphere
removal was only 20–63%, but the removal was increased
to 99% by the use of aluminium-based coagulants.
In addition to a potential role as a coagulant, materials
such as aluminium oxide/hydroxides (as well as other
ﬁlter aids such as cationic polymers) can act as ﬁlter aids
which use electrostatic attraction to adsorb particles onto
the ﬁlter bed. The surfaces of Cryptosporidium oocysts and
ﬁlter media such as sand grains usually carry a negative
charge at the near-neutral pH range of pool water (Kim
et al. ) resulting in electrostatic repulsion. Shaw et al.
() showed that the use of a surface coating of hydrous
iron aluminium oxide on ﬁlter sand altered the zeta poten-
tial from 40 to þ45 mV at pH 7.0, reversing the
electrostatic repulsion and resulting in a 2.9-fold increase
in particle recovery. In view of the short contact time
between coagulants and particles in the zone between the
point of coagulation injection and the ﬁlter bed in swimming
pool ﬁltration systems, this alternative mechanism may, in
principle, be a more effective approach than pre-ﬁlter
coagulation. Though there has been extensive research
into the use of coagulants and ﬂocculants in industrial
applications, there is a dearth of in situ studies of swimming
pool applications.s://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
RSITY userThe modelling work of Tufenkji & Elimelech ()
assumed that once particles collide with the collector
surface, then attachment takes place (i.e. α¼ 1), which
might be reasonable in the case of deep bed ﬁltration
where chemical coagulants are used such that the particles
are fully destabilised. However, if there is electrical repul-
sion between the collector surfaces and particles, then
attachment will inevitably be reduced. The zeta potential
of Cryptosporidium parvum oocysts will vary as a function
of the ionic strength of the solution, becoming less negative
as ionic strength increases (e.g. from 0.1 to 100 mM) due to
the expansion of the electrical double layer (Kim et al. ).
The zeta potential of oocysts was near-neutral (5.9 mV) at
ionic strength of 1 mM, whereas the zeta potential of
quartz sand media was 51.6 mV at this ionic strength,
indicating that there is a signiﬁcant energy barrier between
C. parvum oocysts and sand media under normal ionic
strength in pools (Kim et al. ). Despite this physical
repulsion as an oocyst approaches a sand particle, oocysts
do adhere to silica surfaces, possibly mediated by biomole-
cules on the oocyst surface (Tufenkji et al. ). Water
treatment with coagulants plays a role by compressing
the surface electrical double layer, thereby reducing
electrostatic repulsion effects. Electrostatic repulsion effects
on particle transport and attachment have proved extremely
difﬁcult to model, though it is evident that particle removal
is reduced when there is signiﬁcant repulsion (Ncube et al.
b).WHAT IS THE EFFECT OF DIFFERENT FILTER
MEDIA?
There are a number of alternative media available for use in
swimming pool ﬁltration, with a trend for traditional 16/30
sand being replaced by a range of artiﬁcial glass media and
non-glass media such as extruded high-density polyethylene
(e.g. OC-1 media). These media can differ widely in a
number of characteristics that will affect the ﬁlter perform-
ance in terms of removal of oocyst-sized particles. These
include the porosity (which will affect the average water vel-
ocity), the sizes of water channels which will affect the water
velocity proﬁles adjacent to collector surfaces (Bradford
et al. ), and the micro-topography of the interceptor
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Surfaces with irregularities will tend to provide greater
opportunities for contact to occur (Jin et al. ), and
collector shape irregularity may also provide opportunities
for straining of oocyst-sized particles at pore necks (Tufenkji
et al. ).
This raises the question of the extent to which the
smoothness of the ﬁlter media affects its performance in
terms of removal of Cryptosporidium oocysts. For example,
there is evidence that sand grains are more effective than
artiﬁcial glass in terms of the removal of Cryptosporidium-
sized particles (Rutledge & Gagnon ). Laboratory tests
and media comparisons have been carried out under care-
fully controlled conditions (e.g. Jin et al. ), but there
is no information from in situ monitoring in operational
swimming pool plant rooms.WHAT IS THE MINIMUM DEPTH OF MEDIA BED
REQUIRED?
Lawler & Nason () developed an approach to designing
ﬁlters which combined Equations (1)–(3) above to deter-
mine the minimum depth of media bed required to
achieve satisfactory ﬁltration. The starting assumption was
to use the Tufenkji & Elimelech () model to predict
the particle size giving the lowest removal efﬁciency
(i.e. the smallest value for η, for the ﬁlter in question,
based on the ﬁltration velocity, temperature and grain size,
which in their case was a particle size of 1.5 μm). Lawler
& Nason () then identiﬁed eight wastewater/potable
water treatment ﬁlters known to give good ﬁltration and esti-
mated in each case the value of λ (Equation (3)), and hence,
the ﬁltration efﬁciency (combining Equations (1) and (2))
predicted for the particle size with least efﬁcient removal.
The calculated ﬁltration efﬁciencies for these ﬁlters
known to perform well were found to fall within a narrow
band around 25% for the 1.5 μm size particles that were
most difﬁcult to remove. Lawler & Nason () proposed
that a minimum removal efﬁciency of 25% for 1.5 μm
particles should be the value to use to design the bed
depth required for good ﬁltration. Applying the Lawler &
Nason () design proposal to swimming pool ﬁlters
with 700 μm sand grains suggests that the minimum bedom https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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velocity (25 m h1) is about 800 mm, which corresponds to
the minimum bed depth recommended for swimming pool
ﬁlters in the UK (PWTAG b).
The analysis of Lawler & Nason () indicated that ﬁl-
ters reputed to perform well had only 20–33% estimated
ﬁltration efﬁciency with respect to the particle size most
difﬁcult to remove. This implies that ﬁlters that apparently
perform well with respect to, say, the removal of turbidity
may have low efﬁciency in the removal of Cryptosporidium
oocysts. However, the following should be noted:
• This is for a clean ﬁlter bed, and the ﬁltration efﬁciency is
likely to improve as the ﬁlter ripens. However, in the con-
text of swimming pool ﬁlters that are ﬁltering very clean
water, it is unclear how long it takes for ﬁlters to ripen to
the point where there is more effective removal of 4–6 μm
size particles.
• This assumes that there is an appropriate addition of
coagulants to ensure particle destabilisation (and hence
an attachment coefﬁcient α≈ 1). If electrostatic repulsion
is preventing attachment, then the ﬁlter efﬁciency will be
much lower. On the other hand, if the Cryptosporidium
oocysts are coagulating into larger ﬂocs before arriving
at the sand bed, then ﬁltration efﬁciencies will be higher.INFLUENCE OF POOL WATER CIRCULATION ON
RISK MANAGEMENT
The conventional indicator used to assess whether water
circulation is adequate to maintain good water quality is
turnover time. This is described as the time it takes a
volume of water equivalent to the volume of the pool to
pass through the ﬁltration and circulation system (conven-
tionally expressed in hours). Turnover time is calculated
from the ratio of the volume of water in the pool to the cir-
culation rate (conventionally expressed in hours). A pool of
450 m3 volume and a circulation rate of 150 m3 h1 will
have a turnover time of 3 h. Pool operational guidelines,
e.g. those used in the UK (PWTAG a), commonly use
turnover time as the basis for ﬂow rate recommendations.
For example, PWTAG (a) recommends that a 25 m
leisure pool should have a turnover time of no more than
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on 16 May 20193 h. This does not mean that in a single 3 h period, all of the
water in the pool will have passed through the ﬁltration
system. Even if the water in the pool is perfectly mixed at
all times, theory indicates that only 63% of the water in
the pool will pass through the ﬁltration system in one turn-
over time (Gage et al. ). In other words, 37% of the
water in the pool tank will not be ﬁltered in each turnover.
The current guideline for cleaning up a pool after a sus-
pected Cryptosporidium contamination is that the pool is
closed and the water allowed to circulate for six turnovers,
after which the ﬁlters are backwashed and the pool can
then be returned to use if the pool operator is conﬁdent in
their backwashing procedure (PWTAG a). If the pool
is perfectly mixed, then after each turnover, 37% of the
water in the pool at the start of each turnover period will
remain unﬁltered at the end of each turnover; so, after six
turnovers, the amount of untreated water remaining in the
pool will be equivalent to 0.25% of the water originally pre-
sent in the pool.
If we also take into account the efﬁciency of the ﬁlters,
we can estimate the removal of oocysts in each turnover
period. For pools with medium-rate ﬁltration (i.e. ﬁltration
velocities up to 25 m h1), UK guidelines (PWTAG a)
are based on the understanding that effective pool ﬁlters
will remove 90% of oocysts in a single passage of water
through the ﬁlter. If so, then a well-mixed pool will lose
63% × 90%¼ 56.7% of oocysts from the pool in each turn-
over (in other words, 43.3% of oocysts in the pool tank at
the start of a turnover period will remain in the pool after
each turnover). As a result, after six turnovers, the number
of oocysts remaining in the pool will be 0.66% of thoseTable 2 | Calculated removal of oocysts from pool water after six turnovers assuming either a
mixed pool with only 53% of water treated per turnover (poor mixing), and ﬁlters op
Mixing/ﬁltration scenario
% of pool water treated
(untreated) per turnover Filter efﬁciencya
Best mixing/best ﬁltration 63 (37) 90
Poor mixing/best ﬁltration 53 (47) 90
Best mixing/poor ﬁltration 63 (37) 50
Poor mixing/poor ﬁltration 53 (47) 50
a% of oocysts removed by ﬁlters from treated pool water.
bRequired to achieve same removal as a best-case scenario, i.e. 63% of water treated per turn
cBased on the initial contamination of 20,000 oocysts L1 estimated for a typical AFR into a 450
volume of water swallowed by non-adults during a 45 min pool session of swimming (Dufour e
s://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
RSITY userpresent in the pool at the start of the six-turnover period
(i.e. >2 log reduction).
However, even pools designed speciﬁcally to have rapid
mixing can have poorly mixed dead zones (Lewis et al. ;
Chalmers et al. ), and there is, therefore, considerable
uncertainty about the proportion of pool water that will
pass through the ﬁltration and circulation system in any
one turnover time. For any particular pool, the proportion
of ﬁltered and unﬁltered water at a particular point in time
is unknown. For example, if the impact of poorly mixed
dead zones, and any short-circuiting of ﬂows between
inlets and outlets, was to increase the percentage of water
that is untreated per turnover from 37% to 47%, then the
number of turnovers would have to increase to eight to
achieve the same result as a pool assumed to be perfectly
mixed (Table 2).
A further complication is that after an AFR, any oocysts
present in the faecal material will not be uniformly distribu-
ted around the pool. If the oocysts are located within a dead
zone, this could have the effect of substantially reducing the
percentage of oocysts that pass through the ﬁltration system
per turnover. Indeed, dead zones are usually located where
the wall of the pool meets the ﬂoor, which is precisely where
AFRs are most likely if the bather responsible is holding the
handrail at the time. These considerations represent a major
uncertainty and challenge in managing risk from Cryptos-
poridium in swimming pools.
Furthermore, the ﬁltration system might be less effective
than is presumed. For example, if the ﬁlters are only remov-
ing 50% of oocysts in a single pass of water rather than 90%
(as in the case reported by Lu & Amburgey ), then thisperfectly mixed pool with 63% of water treated per turnover (best mixing), or a less well-
erating at either 90% or 50% efﬁciency
% of oocysts removed
(remaining) in pool water
after six turnovers
Number of
turnovers requiredb
Number of oocysts
per 37 mL after six
turnoversc
99.3 (0.7) 6 5
98 (2.0) 8 15
89.7 (10.3) 13 98
84.2 (15.8) 16 121
over and ﬁlters operating at 90% efﬁciency.
m3 pool (Gregory 2002), equivalent to 740/37 mL, using the value of 37 mL as the average
t al. 2006).
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similar removal of oocysts from six to 13 turnovers (Table 2).
A combination of poor mixing (47% of water untreated
per turnover) and poor ﬁltration (50% oocyst removal
efﬁciency) would increase the number of turnovers required
to achieve a similar removal of oocysts from six to 16
(Table 2).
The ﬁrst data row in Table 2 show that the assumed ‘best
practice case’ (a pool with perfect mixing and 90% ﬁltration)
removes 99.3% of oocysts during the course of six turnovers
(0.7% of the original oocysts remain in the pool water).
Increasing the percentage of untreated water remaining in
the pool per turnover from 37% to 47% (to take account
of factors such as dead zones, uneven oocyst distribution
and any short-circuiting of ﬂows between inlets and outlets)
approximately trebles the number of oocysts remaining in
the pool. Reducing the ﬁlter removal efﬁciency from 90%
to 50% has a much more dramatic effect, resulting in over
10% of the original oocysts remaining in the pool after six
turnovers. Under these circumstances, the residual oocyst
concentration in the pool water could result in pool users
ingesting considerably more oocysts than the dose (1–100
oocysts) capable of causing infection (Ryan et al. ).KNOWLEDGE GAPS AND CONCLUSIONS
This review of the processes by which ﬁlters remove par-
ticles of different sizes from pool water has highlighted a
number of areas where signiﬁcant gaps exist in our under-
standing of the factors controlling the risk to pool users
from particulate material, and speciﬁcally for Cryptospori-
dium oocysts. Though we have used the removal of
oocysts following an AFR to illustrate conclusions, the dis-
cussion about the factors affecting ﬁltration apply equally
to maintaining water in good condition during normal oper-
ation. We have shown that for a ‘best-case scenario’ pool,
the UK guidelines on dealing with faecal contamination
(PWTAG ) will signiﬁcantly reduce the numbers of
oocysts in the pool and minimise the risk of infection
while still providing operators with a realistic course of
action. However, if there is less than optimal ﬁltration, the
absence of coagulation in pool water treatment or a poorly
mixed pool current guidelines may fail to mitigate the risk.om https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
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do not lend themselves to experimentation, advances in
our understanding are most likely to be gained from a
combination of modelling and in situ measurement.
Mass balance models such as that used by Stauder &
Rodelsperger () can underpin our understanding of the
behaviour of particulate material (e.g. Cryptosporidium
oocysts) in pool plant systems and, when combined with
the measurement of turbidity and particle counting, offer
opportunities for the development of tools which integrate
our understanding of both the hydraulics of the pool and
the ﬁltration efﬁciency to assist in assessing risk, e.g. from
Cryptosporidium oocysts in pool water.
A number of speciﬁc areas that require further investi-
gation have been identiﬁed in this review:
1. Validation of existing models with full-scale swimming
pool studies will also enable quantiﬁcation of ﬁltration
effectiveness in relation to different particle size frac-
tions. Full-scale studies on operational pools are also
necessary to investigate factors affecting the ﬁltration,
including the use of coagulants and ﬁlter aids, as well
as the employment of different ﬁltration media types.
2. The understanding of the removals of different particle
size fractions needs to be improved via a detailed study
of the nature and behaviour of these particles, together
with better understanding of the value and limitations
of turbidity measurements with respect to the removal
of Cryptosporidium oocyst-sized particles.
3. Impact of circulation rate, particle loading, backwash
frequency, backwash ﬂow rate and time following back-
wash on the ﬁltration of different size particles requires
a detailed investigation that should include continuous
monitoring of ﬁlter performance through a backwash
cycle at a range of pool sites.
4. The effect of the many factors that affect the delivery of
oocysts/turbidity from the pool to the ﬁltration system
needs to be quantiﬁed. These include:
• the location and number of ﬁlter inlets and outlets,
and how these impact on the mixing characteristics
of the pool;
• moveable ﬂoors;
• the ratio of sump ﬂow to surface draw-off;
• bathing load and distribution within the pool;
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how this is affected by factors such as age, pre-swim
hygiene, and whether pools are indoor or outdoor.
Once this information starts to become available, it then
becomes possible to develop a risk-based approach to mana-
ging swimming pool water, particularly for the management
of waterborne disease outbreaks, along the lines proposed
for drinking water (e.g. Havelaar ; Petterson & Ashbolt
). For example, HACCP (Hazard Analysis and Critical
Control Points) provides a framework for integrating current
scientiﬁc knowledge of microbiological hazards into a qual-
ity management system based on monitoring of critical
control points in the water treatment process and has been
applied to the production of drinking water in Belgium
(Dewettinck et al. ). Such an approach would enable
the outputs of the research identiﬁed in this review to be
used in ways that will be of direct beneﬁt and reassure oper-
ators, regulators and users of the safety of commercial
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Genuchten, M. T.  Modeling the coupled effects of pore
space geometry and velocity on colloid transport and
retention. Water Resources Research 45, W02414. doi:10.
1029/2008WR007096.
Bratby, J.  Coagulation and Flocculation in Water and
Wastewater Treatment. IWA Publishing, London.
Chalmers, R. M.  Waterborne outbreaks of cryptosporidiosis.
Annali dell’Istituto Superiore di Sanita 48, 429–446.
Chalmers, R. M. & Davies, A. P.  Minireview: clinical
cryptosporidiosis. Experimental Parasitology 124, 138–146.s://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
RSITY userChalmers, R. M. & Johnston, R.  Understanding the public
health risks of Cryptosporidium in swimming pools: a
transmission pathway approach. Perspectives in Public
Health 138, 238–240.
Chalmers, R. M., McCann, R., Lowe, G., Modi, A., Stiff, R.,
Quigley, C., Cleary, P., Oyinloye, A., Lamb, P., Sewell, C.,
Jones, S., Elliott, M., Barratt, J., Calvert, J., Riley, R., Nichols,
G. & Elliott, C.  Guidance for the Investigation of
Cryptosporidium Linked to Swimming Pools. Available from:
http://www.wales.nhs.uk/sites3/docopen.cfm?orgid=457&id=
168154 (accessed 8 February 2019).
Croll, B. T., Hayes, C. R. & Moss, S.  Simulated
Cryptosporidium removal under swimming pool
ﬁltration conditions. Water and Environment Journal 21,
149–156.
Dewettinck, T., Van Houtte, E., Geenens, D., Van Hege, K. &
Verstraete, W.  HACCP (Hazard Analysis and Critical
Control Points) to guarantee safe water reuse and drinking
water production – a case study. Water Science and
Technology 43 (12), 31–38.
Dufour, A. P., Evans, O., Behymer, T. D. & Cantu, R.  Water
ingestion during swimming activities in a pool: a pilot study.
Journal of Water and Health 4, 425–430.
DWI  What Are the Drinking Water Standards? Drinking
Water Inspectorate, London. Available from: http://dwi.
defra.gov.uk/consumers/advice-leaﬂets/standards.pdf
(accessed 8 February 2019).
Emelko, M. B., Huck, P. M. & Coffey, B. M.  A review of
Cryptosporidium removal by granular media ﬁltration.
Journal – American Water Works Association 97, 101–115.
Gage, S. D., Ferguson, H. F., Gillespie, C. G., Messer, R., Tisdale,
E. S., Hinman Jr, J. J. & Green, H. W.  Swimming pools
and other public bathing places. American Journal of Public
Health 16, 1186–1201.
Gregory, R.  Bench-marking pool water treatment for coping
with Cryptosporidium. Journal of Environmental Health
Research 1, 11–18.
Hargesheimer, E. E., McTigue, N. E., Mielke, J. L., Yee, P. &
Elford, T.  Tracking ﬁlter performance with particle
counting. Journal – American Water Works Association 90,
32–41.
Hartshorn, A. J., Prpich, G., Upton, A., MacAdam, J., Jefferson, B.
& Jarvis, P.  Assessing ﬁlter robustness at drinking water
treatment plants. Water and Environment Journal 29, 16–26.
Havelaar, A. H.  Application of HACCP to drinking water
supply. Food Control 5, 145–152.
Huck, P. M. & Coffey, B. M.  The importance of robustness in
drinking-water systems. Journal of Toxicology and
Environmental Health, Part A 67 (20–22), 1581–1590.
Huisman, L. & Wood, W. E.  Slow Sand Filtration. World
Health Organization, Geneva.
Jin, C., Normani, S. D. & Emelko, M. B.  Surface roughness
impacts on granular media ﬁltration at favorable deposition
conditions: experiments and modeling. Environmental
Science & Technology 49, 7879–7888.
370 M. Wood et al. | Filtration and Cryptosporidium risk management in swimming pools Journal of Water and Health | 17.3 | 2019
Downloaded fr
by CRANFIELD
on 16 May 201Joce, R. E., Bruce, J., Kiely, D., Noah, N. D., Dempster, W. B.,
Stalker, R., Gumsley, P., Chapman, P. A., Norman, P.,
Watkins, J., Smith, H. V., Price, T. J. & Watts, D.  An
outbreak of cryptosporidiosis associated with a swimming
pool. Epidemiology and Infection 107, 497–508.
Kim, H. N., Walker, S. L. & Bradford, S. A.  Coupled factors
inﬂuencing the transport and retention of Cryptosporidium
parvum oocysts in saturated porous media. Water Research
44, 1213–1223.
Lawler, D. F. & Nason, J. A.  Granular media ﬁltration: old
process, new thoughts. Water Science and Technology 53 (7),
1–7.
LeChevallier, M. W., Norton, W. D. & Lee, R. G.  Occurrence
ofGiardia and Cryptosporidium spp. in surface water supplies.
Applied and Environmental Microbiology 57, 2610–2616.
Lewis, L., Chew, J., Woodley, I., Colbourne, J. & Pond, K.  The
application of computational ﬂuid dynamics and small-scale
physical models to assess the effects of operational practices
on the risk to public health within large indoor swimming
pools. Journal of Water and Health 13, 939–952.
Lu, P. & Amburgey, J. E.  A pilot-scale study of
Cryptosporidium-sized microsphere removals from
swimming pools via sand ﬁltration. Journal of Water and
Health 14, 109–120.
Medema, G. J., Schets, F. M., Teunis, P. F. M. & Havelaar, A. H.
 Sedimentation of free and attached Cryptosporidium
oocysts and Giardia cysts in water. Applied and
Environmental Microbiology 64, 4460–4466.
Messner, M. J., Chappell, C. L. & Okhuysen, P. C.  Risk
assessment for Cryptosporidium: a hierarchical Bayesian
analysis of human dose response data. Water Research 35,
3934–3940.
Ncube, P., Pidou, M. & Jarvis, P. a The impact of ﬁlter bed
depth and solids loading using a multimedia ﬁlter. Separation
Science and Technology 53, 2249–2258.
Ncube, P., Pidou,M., Stephenson, T., Jefferson, B. & Jarvis, P. b
Consequences of pH change on wastewater depth ﬁltration
using a multimedia ﬁlter.Water Research 128, 111–119.
Petterson, S. R. & Ashbolt, N. J.  QMRA and water safety
management: review of application in drinking water
systems. Journal of Water and Health 14, 571–589.
PWTAG a Code of Practice for Swimming Pool Water. Pool
Water Treatment Advisory Group, Tamworth, UK. Available
from: https://www.pwtag.org.uk/_data/cop/Code%20of%
20Practice%20V4%20April%202017.pdf (accessed 8
February 2019)
PWTAG b Swimming Pool Water. Treatment and Quality
Standards for Pools and Spas. Pool Water Water Treatment
Advisory Group, Tamworth, UK.om https://iwaponline.com/jwh/article-pdf/17/3/357/565020/jwh0170357.pdf
 UNIVERSITY user
9PWTAG  Faecal Contamination. Technical Note 2. Available
from: https://www.pwtag.org.uk/technical_notes/ (accessed
8 February 2019).
Rutledge, S. O. & Gagnon, G. A.  Comparing crushed
recycled glass to silica sand for dual media ﬁltration. Journal
of Environmental Engineering and Science 1, 349–358.
Ryan, U., Lawler, S. & Reid, S.  Limiting swimming pool
outbreaks of cryptosporidiosis – the roles of regulations, staff,
patrons and research. Journal of Water and Health 15, 1–16.
Shaw, K., Walker, S. & Koopman, B.  Improving ﬁltration of
Cryptosporidium. Journal – American Water Works
Association 92, 103–111.
Shields, J. M., Hill, V. R., Arrowood, M. J. & Beach, M. J. 
Inactivation of Cryptosporidium parvum under chlorinated
recreational water conditions. Journal of Water and Health 6,
513–520.
Sorvillo, F. J., Fujioka, K., Nahlen, B., Tormey, M. P., Kebabjian, R.
& Mascola, L.  Swimming-associated cryptosporidiosis.
American Journal of Public Health 82, 742–744.
Stauder, S. & Rodelsperger, M.  Filtration particles and
turbidity in pool water. Removal by in line ﬁltration and
modelling of daily courses. In: Proceedings Fourth
International Conference Swimming Pool and Spa, Oporto,
pp. 71–77. Available from: https://www.pwtag.org.uk/
reference/?q=&category%5B%5D=14 (accessed 8 February
2019).
Tufenkji, N. & Elimelech, M.  Correlation equation for
predicting single-collector efﬁciency in physicochemical
ﬁltration in saturated porous media. Environmental Science
& Technology 38, 529–536.
Tufenkji, N., Miller, G. F., Ryan, J. N., Harvey, R. W. & Elimelech,
M.  Transport of Cryptosporidium oocysts in porous
media: role of straining and physicochemical ﬁltration.
Environmental Science & Technology 38, 5932–5938.
Tufenkji, N., Dixon, D. R., Considine, R. & Drummond, C. J. 
Multi-scale Cryptosporidium/sand interactions in water
treatment. Water Research 40, 3315–3331.
Upton, A., Jefferson, B., Moore, G. & Jarvis, P.  Rapid gravity
ﬁltration operational performance assessment and diagnosis
for preventative maintenance from on-line data. Chemical
Engineering Journal 313, 250–260.
WHO  Guidelines for Safe Recreational Water Environments.
Volume 2: Swimming Pools and Similar Environments.
World Health Organization, Geneva.
WHO  Guidelines for Drinking-Water Quality, 4th edn. World
Health Organization, Geneva.
Yao, K. M., Habibian, M. T. & O’Melia, C. R. Water and waste
water ﬁltration. Concepts and applications. Environmental
Science & Technology 5, 1105–1112.First received 17 October 2018; accepted in revised form 22 February 2019. Available online 15 March 2019
